Introduction
Automated classification and multiple sequence alignment of homologous protein families cannot be achieved without 1 Present address : Infobiogen, 7 rue Guy Môquet BP8, 94801 Villejuif, France 2 To whom offprint requests should be addressed a preliminary decomposition of each protein into its constituent domains. A protein may also include repeated subsequence units and/or contain domains from different homologous families. Domain arrangements within specific biomolecules can obviously be determined from the decomposition of the protein's three-dimensional structure into globular folded units (Rossmann and Argos, 1981) ; however, it may also be possible to infer them, albeit with lessened sensitivity, from homologous sequence fragments at different locations in one or more proteins. The wealth of available primary structures in current databases, coupled with the relative difficulty of obtaining experimental protein folds, justify the development of domain analysis tools based purely on sequence information and similarities.
In the case of multidomain proteins, homology detection can be complicated by the duplication of modules in different molecular contexts; domain function, but not fold, may change and thus sequence similarity may fall in the divergent/convergent 'twilight zone' (Vogt et al., 1995) or be limited to a small fraction of the sequence, or be detected in different regions of the same sequence. Sequence alignment by dynamic programming (Needleman and Wunsch, 1970) also requires the delineation of domain boundaries; the presence of long non-homologous tails in one of the sequences can result in missed homologies. Editing the sequences according to domain boundaries before their comparison may well improve their alignment, especially when numerous proteins are involved.
Numerous semi-automatic methods have been proposed to detect weakly similar repeats or modules using block-based searches (Attwood and Beck, 1994; Neuwald et al., 1995; Pietrokowski et al., 1996) . Such techniques, although sensitive, depend on the initial selection of related protein segments, the appropriate calibration of motif stringency and the elimination of eventual false hits. Miller (1993) described a method for building multiple alignments from pairwise alignments even when they involve repeats within the same sequence. None of the semi-automatic techniques are able to handle sequence alignments including gaps or delineate the entire extent of a domain. Comparison of domain families from PROSITE 13.0 (column PS), SWISS-PROT 33.0 (column SP), our work and PRODOM 28.0. Columns nb and lg indicate the number of domains in each family and their average residue length, respectively. The significance of ovl, cov and ali is explained in the text; ali values were left unknown (?) when the corresponding PROSITE motif was missing. An asterisk indicates that the PROSITE motif(s) matches the sequences outside the inferred domains. The names are those found most often in the SWISS-PROT or PIR titles of the domain constituents or the name given in the PROSITE entity easily identified with the concerned domain.
Any successful analytic and automated procedure to classify and align database sequences should thus integrate (i) the search for homologous protein families, (ii) accurate delineation of domains corresponding to complete modular units and (iii) subsequent multiple alignments. Sonnhammer and Kahn (1994) have developed an automated method based on these three steps. Although the resulting PRODOM database provides promising information about the modular organization of the multidomain proteins, it suffers from significant weaknesses, including missed homologies, multiple sequence alignments of poor quality, and wrong domain boundaries (see Table 1 ).
We describe a complementary approach which does not require manual intervention, yields a domain classification accuracy and sensitivity comparable to that provided by the PROSITE experts, and delineates the full extent of domains providing there are sufficient related proteins which display a modular organization denoted by variations in the sequence locations of detected similarities. The accompanying paper (Gracy and Argos, 1998) focused on the design of fast and accurate similarity searches and multiple alignment algorithms for protein sequences. Here, we propose reliable methods to achieve more accurate delineation of domain boundaries based on the iterative intersection of the boundary brackets deduced from multiple sequence similarities. Special attention is given to limiting incorrect splits of actual domains through a pre-processing procedure to neutralize the effect of sequence fragments which could indicate false domain boundaries, as well as a post-processing step to detect false splits and subsequently join subdomains.
Algorithm

Definitions
An anchor is defined as a set of similar protein sequence segments which can be aligned without gaps.
Pairwise similarity refers to an anchor involving two protein sequence segments. (Figure 1a) .
A domain bracket involves an interval derived from a set of anchors which delineates the allowed sequence positional ranges of the domain boundaries.
Overview
The algorithm focuses on the detection, clustering and comparison of local protein sequence similarities to yield multiply aligned domains. The processing of a protein sequence data set is composed of six steps.
(1) Pairwise sequence similarities are detected with a suffix tree self-comparison based on a composite criterion combining statistical significance, similarity agglomeration and local sequence alignment. (2) The overlapping pairwise similarities are clustered into anchors. (3) Proteins whose sequence termini have considerably deviant locations relative to detected anchors are eliminated from further consideration even if they were not annotated as sequence fragments in their database of origin. (4) The domain brackets indicated by the anchored repeats or sequence termini are iteratively intersected to delineate proper sequence positions for domain termini. Each sequence is subsequently spliced into fragments enclosed by two consecutive domain boundaries. (5) The resulting and related sequence fragments of each related domain family are weighted according to their relative similarities and then multiply aligned by dynamic programming through hierarchical clustering and comparison of domain profiles. It should be emphasized that no alignment gaps are created before step (5). (6) Each multiple domain sequence alignment is extended toward the N-and/or C-termini providing an acceptable level of similarity is found amongst the constituents. The procedures involved in steps (1) and (5) have been described in detail in the accompanying paper (Gracy and Argos, 1998) . Steps (2), (3), (4) and (6) are subsequently discussed here.
Clustering pairwise sequence similarities
The pairwise similarities detected during the suffix tree search are examined according to a decreasing composite score indicating the level of similarity as defined in the previous paper (Figure 1b) . The pairwise similarity S examined at any step of the process can be merged with any overlapping anchor A if two independent nine-residue-long protein segments from S and A have an accumulated BLOSUM62 Similarity merging process to delineate multiple sequence anchors. The related protein sequence segments in similarities and anchors are symbolized by horizontally aligned thick lines. One segment of S 3 and S 1 share sufficient sequence overlap to allow merging of S 1 and S 3 into the three-segment anchor A 6 . S 5 shows sequence overlap with both S 4 and A 6 , yielding the transitive merge with S 4 into A 7 and then with A 6 into the five-segment anchor A 8 . The final anchors resulting from the entire merging process are S 2 and A 8 . (c) Anchors 1 and 2 are similarly located relative to anchor 3 if they both share at least one common protein with anchor 3, and if the maximum of min 1 and min 2 is less than or equal to the minimum of max 1 and max 2 , where min 1 (min 2 ) and max 1 (max 2 ) are the minimal and maximal sequence position differences between segments from anchors 1 (2) and 3 along the same protein sequence. (Henikoff and Henikoff, 1992) residue substitution score >32. This threshold was found to be optimal in avoiding false merges of similarities in the EGF family which involves several cysteines capable of inducing false similarity overlaps (see below). When all pairwise similarities have been processed, the anchor pairs which were not clustered but are similarly located relative to a third anchor (Figure 1c ) are merged if the condition above holds for the two compared anchors.
Detecting incomplete sequences
Actual sequence termini necessarily correspond to the beginning or end of a structural domain. Since domain delineation in a set of homologous proteins with different sequence lengths may rely on this observation, it is essential to eliminate all incomplete sequences or sequence fragments.
For each anchor, we determined the thresholds d N and d C which are the respective longest of the 5% smallest distances from the central anchor position to the N-and C-termini displayed by the sequences considered; Figure 2 provides an illustration of the determination of these thresholds. The sequences whose central anchored position was less than d N -20 residues to the N-terminus or less than d C -20 residues to the C-terminus were considered as incomplete (∼0.5% of the sequences) and thus removed from any further consideration ( Figure 2 ). The offset of 20 residues was used because it corresponds closely to the smallest observed sequence length of structural domains (Bork and Bairoch, 1995) . A missing tail of >20 residues in a sequence is thus interpreted as an incomplete domain resulting from a sequence fragment.
Delineating the domain boundaries
Domain boundaries may be inferred from a pairwise sequence similarity in two different situations.
(1) If the similar segments belong to the same protein sequence, they should occur at the same topological location of a self-repeated structural unit. Therefore, at least one domain transition should be observed between the structurally equivalenced segments. (2) If the regions located between the C-terminus of the homologous segments (anchors) and the respective se-quence C-termini differ notably in length, a domain boundary for all aligned sequences should be expected near the position corresponding to the C-terminus of the sequence with the shortest intervening region. The same reasoning applies for domain boundaries at the N-terminus. The domain boundary often cannot be located exactly, but can only be predicted to lie within a local sequence region. This positional uncertainty can be reduced if such positional constraints derived from different sequences within a given anchor set are combined. The proposed algorithm iteratively intersects these anchor-based constraints to update lower and upper bounds that progressively converge to a narrower bracketing of the domain boundaries.
The definition of an anchor a can be simplified to a = {id a (i),pos a (i)} i = 1, …, n(a) , where id a (i) is the protein accession identifier of the ith protein sequence fragment in the multiply aligned segments of anchor a, pos a (i) is the central amino acid sequence position of the anchor and n(a) is the number of homologous sequence fragments within the anchored set. Let a 1 and a 2 be two anchors, and S(a 1 × a 2 ) = {(i,j)} be the subset of the cardinal product {1, …, n(a 1 )} ×{1, …, n(a 2 )} such that id a1 (i) = id a2 (j) and pos a1 (i)≤ pos a2 (j). Note that the sequences anchored in a 1 and a 2 may be from different proteins. The anchor separation measure d(a 1 ,a 2 ) is defined as the smallest distance pos a2 (j) -pos a1 (i) between two anchored positions over S(a 1 × a 2 ). If S(a 1 × a 2 ) is empty, we set d(a 1 ,a 2 ) = ∞ (∞ is implemented as a large positive constant). The measure d′(a 1 ,a 2 ) is defined similarly to d′ except now pos a1 (i) < pos a2 (j).
With these definitions, the cases (1) and (2) described above can be formalized through the following constraints. If we call p(a) the position of the anchor a as subsequently explained, then the structural domain to which a belongs should lie with-
, where N(a) and C(a) are virtual anchors containing, respectively, the N-and C-terminal positions of each sequence in anchor a. The domain boundaries derived from a can be projected onto the ith sequence anchored by a through dom i (a) = [pos-
As shown in Figure 3a , this bracketing operation essentially involves the recognition of the two anchored sequences that achieve the tightest distance bounds toward the N-and C-termini, yielding, respectively, min(d (N(a),a) ,d′(a,a)) and min(d(a,C (a)),d′(a,a)), and thus the projection of these constraints onto each anchored sequence. It is should be noted in this example that the self-constraint d′(a,a) was not sufficiently stringent to participate in the domain delineation due to d′(a,a) >
d(N(a),a) and d′(a,a) > d(a,C(a)).
The constraints derived from two anchors a and b that share at least one common sequence can be combined by first mutually locating the anchors through assigning them positions p(a) and p(b) according to the estimation Figure  3b . It should be noted that the merging operation yields a tighter domain delineation, especially for sequence 1 where the two self-repeats are now enclosed in separate brackets while they previously shared an overlap (Figure 3a ). More generally, the boundary constraints derived from any two sets of anchors A 1 and A 2 can be combined through the ho-
The algorithm can be now be stated as an iterative bracket intersection process, given as programmed steps listed below, where each anchor is successively selected according to decreasing cardinality (step 2), its closest N-and C-terminal anchor neighbors are searched (step 3), their mutual positions are located (step 4 as explained in Figure 3b ), domain boundary constraints due to the new anchor are estimated (step 5 as explained in Figure 3a ) and then compared with those of its neighbors resulting in a possible domain merge with constraint intersection (step 7 as explained in Figure 3b ), and eventually incompatible overlaps between contiguous domains are resolved (steps 8 and 9 as explained in Figure 4 ).
1. Let A 0 be the complete set of anchors and A 1 = ∅. 2. Let a 0 be the anchor of A 0 that connects the largest number of sequence fragments.
else select a N and a C in A 1 the anchors that achieve the respective minima: if both p(a 0 ) and p(a 2 ) lie within dom(set(a 0 ))∩dom(set(a 2 )), then merge set(a 0 ) and set(a 2 ) through dom(set(a 0 )∪set(a 2 )) = dom(set(a 0 ))∩dom(set(a 2 )). 
If set(a
The anchors binding numerous sequence fragments are first processed (step 2) because they yield tighter domain bounds and more accurate estimates of the mutual anchor positions.
The algorithm execution is detailed step by step in Figure  4 for three anchors in five sequences, an example which covers all possible situations. The anchor a 1 (Figure 4a ) is first selected since it connects the largest number (four) of similar regions. The anchor a 1 has no already processed neighbors yielding d N = d C = ∞ and then p(a 1 ) = 0. The domain bracket dom(a 1 ) = [beg(a 1 ),end(a 1 )] is derived as explained in Figure 3a . The anchor a 2 (Figure 4b ) connecting one region of sequence 1 with two repeats of sequence 2 is then selected. The closest anchors a N and a C encountered from a 2 towards the N-and C-termini, respectively, are in both cases a 1 , the only already processed anchor. The anchor a 2 does not lie within the boundary bracket derived from a 1 , either when p(a 2 ) is calculated relative to a N or relative to a C , and thus results in the creation of a separate domain. The bound end(a 2 ) initially estimated as p(a 2 ) + d(a 2 ,C(a 2 )) is refined by step 9 to p(a 2 ) + d(a 2 ,a 1 ) = 0 to prevent the inclusion of a C = a 1 in the incompatible domain dom(a 2 ). Finally, the anchor a 3 , connecting only two sequences, is processed yielding a merge with a 1 already explained in Figure 3b . When the algorithm is completed, the inferred domain brackets are projected onto each sequence using the anchors which are the most closely located to the derived boundaries (Figure 4d ). If two consecutive domains overlap on one sequence, their C-and N-termini are interpolated to share the overlap equally. This adjustment is performed, for instance, along the second sequence to remove the small overlaps among the two domains dom({a 1 ,a 3 }) and the second domain dom(a 2 ) in Figure 4c .
Refining the domain boundaries
Sequences are now cut at positions corresponding to the middle of the calculated domain boundary brackets and the resulting amino acid fragments bound by at least one anchor are multiply aligned using the algorithm described in the accompanying paper (Gracy and Argos, 1998) which preserves the anchor region(s) and aligns the intervening sequence fragments by profile dynamic programming according to the closeness of the subsequences. Mistaken sequence termini and missed or false sequence similarities may result in highly flexible domain boundary regions or even incorrect domain splits. In an attempt to correct for such mistakes, all sequence fragments of a multiple alignment A corresponding to N-terminal extensions which are not self-repeats are multiply aligned. The longest C-terminal region of this latter alignment is appended to A providing that all subsequence pairs within it share at least 25% identity in aligned amino acids. The identity level is chosen as it is the lowest allowed to maintain reasonable alignment accuracy (Vogt et al., 1995) . This N-terminal extension test is repeated until the identity criterion is no longer met. The same procedure is performed toward the C-termini. The minimal length of the average extension over all the added segments has been set to 15 residues to prevent the acceptance of insignificant and short multiple sequence alignments.
Implementation
Selection of the protein data set
The protein data set to which the domain delineation algorithm was applied was obtained from a non-redundant sequence database merge consisting of the complete SWISS-PROT Release 33.0 database (Bairoch and Apweiler, 1996) and all PIR Release 46.0 entries (George et al., 1996) not cross-referenced in SWISS-PROT. The proteins for which one of the three following conditions holds were removed from the sequence data set: (i) proteins annotated as sequence incomplete since they may provide incorrect domain boundary information; (ii) proteins longer than 1000 amino acids because the similarity search and multiple alignment methods require prohibitively large computer memory requirements for exhaustive database processing; (iii) proteins whose sequences contain more than four not exactly determined amino acids within any 10 consecutive residues since their ambiguity may yield false local similarities. Appropriate algorithm adaptations should permit the processing of proteins of any length in the future. The number of proteins eliminated by conditions (i), (ii) and (iii) were 17 341, 4118 and 353, respectively. This first selection procedure resulted in a data set of 58 869 protein sequences containing 18 918 125 amino acids.
The data set redundancy was further reduced by detecting closely related protein sequences with similar lengths using the compositional similarity search procedure described in the accompanying paper (Gracy and Argos, 1998) . All but one protein (randomly chosen) of each cluster of related sequences were eliminated. This selection step approximately corresponds to the elimination of global sequence similarities above the level of 65% identically aligned amino acids amongst all familial pairs. The previously described statistical analysis of the sequence termini locations then yielded the detection of 301 proteins not annotated as fragments in the sequence databases, but with at least one terminus considerably deviant from those of the other homologous proteins. By removal of all these 'odd' sequences, the final data set consisted of 26 990 sequences with a total of 8 577 483 amino acids. 
Overall distribution of inferred domains
The analysis of the final data set by the domain family delineation procedure described here yielded the split of the 26 990 protein sequences into 62 665 amino acid segments, 24 380 of which were clustered into 4364 domain families (at least two members) consisting of multiple alignments based on significant similarities; the remaining segments could not be assigned to a family and were thus eliminated from further consideration. Statistics about the domain families are presented in Figure 5 . The number of domain families with two, three and four members (self-repeats or similar sequence fragments in different proteins) are 2063, 733 and 324, respectively. The numbers (and percentages) of proteins with at least one, exactly one, exactly two, and exactly three detected domains or repeats belonging to a family of at least two members are 15 084 (56%), 10 408 (39%), 2651 (10%) and 920 (3%), respectively.
Diverse information about the aligned domains has been generated from annotations in the PROSITE, SWISS-PROT and PIR data banks; the resulting database has been stored in a large file where each domain entry is structured into fields. Each entry, exemplified in Figure 6 , contains the multiple sequence alignment of the related domains and complementary information.
Domain names have been obtained by associating each cluster with the PIR or PROSITE family which shares the largest number of proteins with the considered family. When the overlap found was less than half the number of proteins in the cluster, a domain descriptor was built with the five most frequent keywords found in the description of the aligned proteins in the SWISS-PROT and PIR databases. A consensus sequence emphasizes the conserved features of the alignment. The hierarchical clustering tree utilized to Fig. 6 . Format of a domain entry. The entry fields are formatted as follows (from top to bottom and left to right). id: domain identifier (DM….), domain name, average number of amino acids (aa.) in the domain, number of aligned domain segments (dom.), and number of different proteins containing the aligned segments (seq.). sq: protein accession number (access), sequence database (db) to which the protein belongs (SW = SWISS-PROT; PI = PIR), protein family (family) codes whose meanings are given by the fa fields, number of domain repeats in the protein (#d), short protein description. fa: family code (f), family name (description), associated domain identifier (access), number of proteins (#sq) in the associated domain, number of proteins (#sq) in the associated PROSITE family, PROSITE family identifier (access). do: protein accession number (access), N-terminal domain sequence position (pos), domain identifier (access), C-terminal domain (pos) sequence position (+1) which could be the N-terminus of the next domain, etc.; sequence regions with no detected homology are indicated by question marks. ho: protein accession number (access), accession number list (close) of proteins closely related (60% or more sequence identity) to that fi rst indicated but not appearing in the alignment. tr: protein accession number (access), current domain identifier (do) where all domains detected in the given protein sequence have been numbered sequentially, line whose length indicates the identity percentage of aligned amino acids between the closest sequences of the two protein clusters related by the corresponding tree node (the scale is represented above the clustering tree). al: protein accession number (access), domain identifier (do), sequence position of the first aligned amino acid (beg), aligned sequence fr agment, sequence position of the last aligned amino acid (the first and last positions of each domain are indicated with the symbols < and >, respectively, if they correspond to the sequence termini, and with [ and ] otherwise). co: consensus sequence summarizing the amino acids (lower-case letters if the conservation level is >85% and <100%, and upper-case letters if they are exactly conserved) or physicochemical properties (e.g. alignment positions with mainly hydrophobic and hydrophilic residues are indicated by the signs = and #, respectively) conserved within the corresponding alignment columns.
generate the multiple alignment is indicated in the tr fields which graphically shows the percentage of identically aligned amino acids between the closest members of the domain clusters rooted by branches from a given tree node. One of the most useful features of the database involves the do fields which list every inferred domain and corresponding boundary positions for each protein within the family, allowing quick retrieval of all domains for a given protein as well as their corresponding multiple sequence alignments. An index tabulating all family annotations found in PIR and PROSITE for the aligned proteins is also provided. All the closely related proteins that were removed on the basis of the compositional similarity search are indicated in the ho fields.
Domain quality assessment
Assessing the quality of the delineation procedure is difficult since domains are often poorly annotated in the protein sequence databases. Nonetheless, we selected the largest families whose proteins are studied intensively and which should have reasonably accurate domain annotations in PIR and SWISS-PROT, thus acting as standards-of-truth. The domain alignments of our work were compared with those of PRODOM using three accuracy measures (Table 1) . The overlap and covering measures are defined as ovl = 100 × lg inter /lg union and cov = 100 × lg inter /lg, where lg is the length of individual domains determined from the annotations in PIR or SWISS-PROT, and lg inter and lg union are the respective lengths of the intersection and union with the inferred domain. In other words, ovl measures the accuracy of the inferred domain boundaries, while cov measures the percentage of the actual domain covered by the inferred boundaries.
For each PROSITE family, the column ali in Table 1 gives the mean percentage of domains in PRODOM or our database where full conserved PROSITE motifs are not correctly aligned. Table 1 also gives the mean value of these measures over the constituents of the 20 largest families from either PROSITE, PRODOM or our database. Four domain families do not have a corresponding PROSITE entry: CCHC box repeats, Sushi domains, the RAS superfamily and the ELIP/ CBR/DSP-22 superfamily. Many PRODOM families are poorly populated, e.g. EGF modules and 4Fe-4S ferredoxins which include only 10 and 9 domains, respectively. The average values of ovl, cov and ali over the 20 families are, respectively, 80, 92 and 0.2% in our database, and 46, 55 and 11.1% in PRODOM. Our database represents a clear improvement including the proportion of misaligned PROSITE sites.
The most notable error in our domain collection is a 13-residue shift of the average zinc finger (C2H2 type) domain boundaries which can be explained by their frequent and consecutive repeats in single sequences which mask the actual periodic phase of the boundaries. Further, 28 extra residues structurally corresponding to a linking region were also added on average to the immunoglobulin-like domains. It should also be emphasized that domain boundaries cannot be recognized without some domain shuffling amongst various proteins in different positions relative to their sequence termini, such that if two structural units are always observed in the same consecutive order along their respective protein sequences, there are no positional constraints to define domain boundaries. In this case, only tertiary structural conformation can point to the actual domains. Domain transitions may therefore be missed both in our domain collection, and in annotated sequence databases, for small families with fewer members displaying reduced sequence variability.
Example 1: Ankyrin-like repeats
The ankyrin-like repeat is a small module of ∼33 amino acids detected in numerous regulatory proteins (Bork, 1993) . A vast majority of them are recovered by the proposed detection procedure. The distribution of the 124 detected ankyrinlike repeats found in 38 sequences is presented in Figure 7 where ankyrin repeats are indicated by A. The detected similarities can be considered as genuine homologies since the percentage of identically aligned amino acids between any repeat pair is >32% (Vogt et al., 1995) . When compared with the domains annotated in the SWISS-PROT/PIR entries, 29 repeats have been missed; however, 47 repeats, not previously annotated, have been discovered by the automated procedure. Their average sequence length is 36 amino acids and the average distance between the inferred and annotated repeat boundaries is only three amino acids.
The largest corresponding domain cluster in the PRO-DOM databank includes only four proteins annotated in SWISSPROT or PIR as including ankyrin-like repeats. Further, there is no PRODOM cluster with correct ankyrin repeat boundaries. Bork (1993) indicates that numerous ankyrin repeats can be discovered by motif-based searches. Among these new repeats, sometimes replicated in the same sequence >20 times, many are located in proteins longer than 1000 amino acids. The extension of our data set to large proteins should therefore yield a dramatic increase in the ankyrin constituency. The strong conservation of a few key residues should also allow the design of an accurate amino acid signature, better able to detect distant homologies and to identify the missing domains.
Example 2: EGF-like modules
The EGF module, initially found in the epidermal growth factor sequence, is a small domain of ∼30-40 amino acids spread over a wide variety of proteins (Davis, 1990) . The only conserved amino acids among the EGF sequences are six cysteines which stabilize the structure with three disulfide bridges. This protein family constitutes a good test set be- cause of the high variability of the EGF sequences, the repeating domain arrangement in several different proteins, and the conserved cysteines which yield artificially high alignment scores, thus increasing the chances for false similarities. Among the 106 EGF modules detected here and distributed over 56 proteins, 41 were not annotated in the PIR and SWISS-PROT databases, while 25, which were annotated, were missed. The nature and location of the diverse domains displayed in Figure 8 (EGF module indicated by E) for various proteins are in good agreement with the annotations of the PIR and SWISS-PROT databases. The average residue length of the detected EGF domains is 36 and their boundary positions are shifted with a mean deviation of five amino acids toward the C-terminus relative to those identified in SWISS-PROT and PIR. This shift can be explained by the frequent clustering of EGF modules into successive regions. With such an arrangement, local pairwise sequence similarities distributed over two consecutive repeats may indicate wrongly shifted domain boundaries. All sequence fragments of the inferred EGF domain family contain the six conserved cysteines and additional sequence features that certify their actual homology. The only false positives are two related integrin β-chain repeats (accession numbers P26013 and JC2005) due to the eight cysteines conserved in the integrin repeats. It should be noted that the EGF motif of the PROSITE database also wrongly matches some integrin repeats. As observed in the ankyrin example, these results can be improved substantially since the proteins containing EGF modules are often longer than 1000 residues and the six cysteines and some other conserved physicochemical residue features define strong sequence constraints which can be expressed by a stringent amino acid motif pattern allowing an extension of the EGF family to more distant members. The use of such patterns is presently under investigation.
Example 3: EF-hand calcium binding domains
The EF-hand calcium binding domain is a 12-residue-long loop flanked on both sides by two 12-residue-long helices. Sequence conservation is so weak within this family that it is not possible to design an amino acid motif able to discriminate the related and non-related sequences fully. The proposed PROSITE motif, based on a loose regular expression involving the residues of the loop region, detects 743 homologous domains within 259 proteins versus 52 non-homologous proteins in SWISS-PROT 33.0.
A total of 1182 EF-hand domains were detected within 482 proteins by our classification procedure. The sequence conservation within these matches can be as low as 20% identically aligned amino acids where their multiple alignment confirms the homology of the most weakly related segments. The mean length of these domains is 38 amino acids including the helix-loop-helix region, and their N-and C-boundaries are shifted on average by four and two amino acids, respectively, from their actual helix ends, yielding a 32 residue overlap (94%) with the correct helix-loop-helix region.
Discussion
The proposed domain delineation procedure corrects various shortcomings observed in the PRODOM database (Sonnhammer and Kahn, 1994) . The algorithm based on the iterative resolution of sequence positional constraints generates more reliable and accurate domain boundaries. Many small modules missing in the PRODOM database, such as EGF and ankyrin repeats, are now recognized. The approximated sequence alignments in PRODOM based on a paste of local similarities have been replaced here by optimized solutions generated by a hierarchical alignment algorithm dependent on dynamic programming. Potential errors in domain boundaries have been avoided by the detection of sequence fragments during the pre-processing step and the correction of wrong splits during the post-processing step. Only one incorrect domain split was observed in the 100 largest families and it is located in the middle of the hsp20 proteins, albeit this error was induced by a set of incomplete hsp20 sequences representing >5% of the total number of proteins in the family, too high a proportion for detection by the statistical analysis of the third procedural step.
It is difficult to quantify clearly the accuracy of the proposed domain detection method since protein domains are too poorly annotated in the current protein sequence databases. However, a detailed analysis of the largest domain families recognized here, which are usually studied more and thus better annotated, shows that the nature and boundaries of the inferred domains are in close agreement with the collected database information where the average deviation is 6.9 residues over the 20 largest families, only 5.1% of their average domain length.
The use of a composite criterion combining global and local sequence similarity scores allows a clear improvement in accuracy in the detection of homologous proteins. This improvement has been evaluated in a comparison with the PRODOM database described in the previous paper as reductions from 34.0% to 6.5% and from 0.9% to 0.3% of the respective percentages of missed and incorrect sequence similarities over a representative data set of 12 462 proteins. The domain database consistency and compactness have also been improved by the post-processing step which permitted the correction of many false domain splits.
As more local sequence similarities are detected, proper domain delineation is more likely since more positional information on boundaries is provided. Thus, improvements are expected from the processing of the enormous amount of current sequence data and especially from the incorporation of the protein sequences longer than 1000 amino acids and the many primary structures to be determined from current and forthcoming sequencing projects.
Sequence-based domain delineation is basically limited by two factors. (i) Structural variability at domain ends can be a result of structural variations involving flexible and exposed loops that may occur at domain boundaries. At the cost of missing very short repeats, a length threshold of 20 residues was chosen to prevent the inference of false short domains due to random variation of domain terminal loops. (ii) Similarity search sensitivity is mitigated by short or very weak similarities which are difficult to distinguish from fortuitously shared oligopeptides. Since the analysis here is fully automated, parameters intervening in the process were fixed globally, but not adapted to each family. A carefully optimized similarity criterion with safe thresholds had to be chosen to prevent wrongly detected similarities resulting in false domain splits. However, some similarities and thus domains are missed; the accompanying paper (Gracy and Argos, 1998) evaluates this error level at 6.5%.
Another important problem in domain detection, illustrated by the EGF-integrin similarity, concerns the cysteinerich sequences often found in small proteins where disulfide bridges can balance the destabilizing increase of relative protein surface exposure to solvent. Since cysteine matches are usually rewarded with the highest score in amino acid substitution matrices, the similarity between two unrelated cysteine-rich sequences can be overestimated with corresponding negative consequences for domain delineation. This mandated the selection of safe sequence similarity at the cost of reduced sensitivity. A possible solution could involve the design of a special amino acid substitution weight matrix calculated on the basis of aligned cysteine-rich sequences. A more general approach could consist of incorporating a correction factor in the alignment score dependent on the relative amino acid compositions of the compared sequences.
It is likely that a global optimum in the choice of the algorithm parameters does not exist and that the quality of the results can be easily improved by manually tuning the thresholds for each particular family. Furthermore, relaxing the similarity cut-off stringency, thereby tolerating false positives, may suggest striking homologies and functional hypotheses that could be confirmed by additional checks. To allow a remote user to perform refined domain searches, we are currently developing a World Wide Web server to access the domain database as well as to search for similarities with alignment tools based on tunable parameters. However, the present DOMO database is available for searching through the SRS tools (Etzold et al., 1996) callable from the following URLs: http://www.embl-heidelberg.de/srs5/, http://srs.ebi.ac.uk:5000/ and http://www.infobiogen.fr/srs5/.
The ankyrin and EGF examples suggest that the size of the detected families might be increased notably by using pattern matching techniques based on the design of motifs summarizing the conserved sequence features of the aligned domains to detect distantly related proteins. Following an iterative motif-based search approach, an initially small kernel of related sequences may well produce successive discoveries of domains in seemingly unrelated proteins for which new functional mechanisms can be suggested. Further, the generation of amino acid fingerprints or aligned sequence profiles is a straightforward extension of this work which is presently under investigation.
